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Experimental  s ing le- tube  h e a t - t r a n s f e r  d a t a  from a l l  a v a i l a b l e  sources  have 

been analyzed i n  terms of  va r ious  des ign  equat ions  i n  an  e f f o r t  t o  s e l e c t  t h a t  

model which b e s t  r e p r e s e n t s  t h e  da t a .  Cryogenic hydrogen d a t a  so  analyzed were 

r e s t r i c t e d  t o  t h e  pressure  range from 600 t o  1500 p s i a  and t o  wal l - to-bulk tempera- 

ture  r a t i o s  t o  20. 

A g r a p h i c a l  p r e s e n t a t i o n  of t h e  r a t i o  of  t h e  experimental  t o  t h e  computed 

hea t  t r a n s f e r  c o e f f i c i e n t  as a func t ion  of  b.ulk temperature  was made f o r  each 

design equat ion  s tud ied .  A lower- l imit  l i n e  was cons t ruc ted  as t h e  locus  of  t h e  

h igh-dens i ty  d a t a  p o i n t  concent ra t ion ;  the  nominal des ign  equat ion was t h e n  estab- 

l i s h e d  so t h a t  t h e  lower l i m i t  l i n e  was 80% of t h e  nominal equat ion.  The l e v e l  of 

confidence f o r  each modified equat ion was then  based on t h e  percentage of  d a t a  

p o i n t s  l oca t ed  wi th in  t h e  - + 20% l i m i t s  t o  t h e  nominal l i n e s .  

v a r i a b l e  l i q u i d - s i d e  c o e f f i c i e n t ,  CL,  was determined as a func t ion  of  bu lk  

temperature .  

- 

From t h e s e  p l o t s  a 

O f  t h e  f i lm temperature  equat ions  eva lua ted ,  t h a t  generated by Hess and Kunz 

appeared t o  b e s t  r e p r e s e n t  t h e  da t a ;  f o r  t h e  equat ions  based on t h e  b u l k  temperature  

as r e f e r e n c e ,  t h e  equat ion known a s  RE0N"E" exh ib i t ed  t h e  leas t  s c a t t e r .  

The r e s u l t s  obtafned by incorpora t ing  t h e  v a r i a b l e  CL values  f o r  bo th  t h e s e  

equat ions  i n  t h e  a n a l y s i s  of  a r e a c t o r  t e s t  of NERVA nozzle SIN-022 were compared 

wi th  t h e  p r e d i c t i o n s  generated us ing  t h e  nominal design equat ions ,  

d i f f e r e n c e  i n  t h e  h e a t  f lux p r o f i l e  was found; changes i n  t h e  coolan t  bu lk  tempera- 

t u r e  and p res su re  p r o f i l e s  were evident  but  not  of g r e a t  s ign i f i cance .  However, 

app rec i ab le  d i f f e r e n c e s  i n  coolan t -s ide  wa l l  temperatures  were p r e d i c t e d ,  up t o  

n e a r l y  200"R j u s t  downstream of t h e  nozzle t h r o a t .  

t o  suppor t  t,he s e l e c t i o n  of  t h e  Eess and Kunz equat ion  wi th  v a r i a b l e  CLo  

t i v e  s e l e c t t o n  of t h e  b e s t  p r e d i c t i v e  equat ion,  however, must await  a more d i r e c t  

Very l i t t l e  

Limited braze  a l l o y  data t end  

A d e f i n i -  

measurement of tube  w a l l  temperature ,  p a r t i c u l a r l y  i n  t h e  

nozz le  e 

divergent  p o r t i o n  of  t h e  
n 
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NOMENCLATURE 

a a  1' 2 * . . e  a5 

bW 

cL 

C 
P 

D 

f 

gC 

G 

h 

k 

K 

L 

Nu 

P 

Q/A 

r 

R 

Re 

T 
I v 

S t  

P 

Terms i n  Equation ( 5 )  

Fac tor  i n  Equation (6) 

Liquid-s ide c o e f f i c i e n t  m u l t i p l i e r  

S p e c i f i c  hea t  a t  cons tan t  p re s su re ,  Btu/lbm"R 

I n s i d e  diameter of t ube ,  i n .  

Flow r e s i s t a n c e  c o e f f i c i e n t  

Conversion c o e f f i c i e n t ,  in.-lbm/lbf s ee  

Mass v e l o c i t y ,  l b / i n .  sec  

Heat t r a n s f e r  c o e f f i c i e n t ,  Btu/in.2sec "R 

Thermal conduc t iv i ty ,  Btu/in.  sec  O R  

Coe f f i c i en t  of  Equation (1) 

Heated l eng th  of t ube ,  i n .  

Nussel t  number, hD/k 

2 

c Pressure ,  lbf ' / in .  ( p s i a )  

P r a n d t l  number, cp P/k 
2 Heat f l u x ,  Btu/ in .  sec 

Radius of  cu rva tu re ,  i n .  

Tube r a d i u s ,  i n .  

Reynolds number, D G b  

Temperature, "R 

Veloc i ty ,  i n . / s ec  

Stanton number, h/cp V p 

Densi ty ,  lbm/in. 3 

v i i  



Super sc r ip t s :  

Sub s c r  i p t  s : 
I 

b 

Viscos i ty ,  lbm/in. sec 

Kinematic v i s c o s i t y ,  p/P , i n .  s ee  

Fac to r s  i n  Equation (1) 

2 

Exponents of dimensionless r a t i o s  i n  Equation ’ (1) 

Tb P r o p e r t i e s  eva lua ted  a t  t h e  coolan t  bu lk  temperature ,  

P r o p e r t i e s  eva lua ted  a t  t h e  f i l m  temperature ,  Tf = 0.5 ITb -I- Tw) 

Hel ix  diameter ,  i n ,  

Reference temperature  

P r o p e r t i e s  eva lua ted  a t  t h e  w a l l  temFerature ,  Tw 

Vfii 



I. SUMMARY 

This  r e p o r t  compares experimental  forced  convect ion h e a t  t r a n s f e r  d a t a  f o r  

cryogenic hydrogen with a number of equat ions t h a t  have been proposed f o r  p r e d i c t i n g  

l i q u i d - s i d e  hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  convect ively-cooled rocke t  nozzles .  

Experimental  data have been taken  from t e s t s  i n  both  s t r a i g h t  and curved e l e c t r i c a l l y -  

heated tubes  a t  p ressures  ranging from 600 t o  1500 p s i  and a t  coolan t  temperatures  

l e s s  than  2OO"R. 

not  e x p l i c i t l y  achieved i n  experiments i s  a l s o  descr ibed .  

The problem of ex t r apo la t ing  t h e s e  equat ions  t o  t e s t  condi t ions  

Graphical  comparison of t h e  experimental  data wi th  empi r i ca l  equat ions  has  

demonstrated t h a t  for s t r a i g h t  t ubes  a t  hydrogen temperatures  below 200"R no equat ion  

c o r r e l a t e s  b e t t e r  t han  76% of  t h e  d a t a  wi th in  l imits  of - $. 20% of t h a t  p a r t i c u l a r  

equat ion .  A v a r i a b l e  c o e f f i c i e n t  t o  account for dev ia t ions  o f  t h e  data a t  hydrogen 

tempera tures  below 100"R i s  recommended f o r  each equat ion eva lua ted .  The r e s u l t s  

o f  t h e  a n a l y s i s  a r e  two equat ions ,  one based on f i l m  temperature  and t h e  o the r  on 

bulk  tempera ture ,  which a r e  be l i eved  t o  r ep resen t  t h e  t e s t  data f o r  t h e  s t r a i g h t  

t ube  t e s t s ,  The curved tube  t e s t  data a re  t h e n  compared wi th  each of  t h e s e  

equat ions ,  
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INTRODUCTION 

A severe  hea t  t r a n s f e r  problem e x i s t s  i n  t h e  design of a r egene ra t ive ly -  

cooled rocke t  nozzle  wi th  l i q u i d  hydrogen used as t h e  coolan t .  

temperatures  i n  t h e  nozz le ,  p a r t i c u l a r l y  i n  t h e  h igh  h e a t  f l u x  t h r o a t  r eg ion ,  o f t e n  

i n d i c a t e s  t h a t  t h e  coolant  t ubes  w i l l  overheat  and may poss ib ly  f a i l  by thermal  

e ros ion .  Where t o l e r a b l e  su r face  temperatures  a r e  p r e d i c t e d ,  t h e  thermal  g r a d i e n t s  

i n  t h e  tube  bundle can in t roduce  severe s t r e s s  problems. 

nozzle ,  t h e  designer  i s  i n t e r e s t e d  not only i n  knowing what w a l l  temperatures  w i l l  

be  experienced throughout t h e  nozzle b u t  a l s o  i n  how much energy w i l l  be removed by 

t h e  coolant  i n  terms of t h e  increased  en tha lpy  a v a i l a b i l i t y .  

P r e d i c t i o n  of su r face  

For t h e  nuc lear  rocke t  

I n t e g r a l  t o  t h e  above comments i s  t h e  term "predic t ion" .  A workable nozzle 

design r e s t s  p a r t l y  upon a proper  c h a r a c t e r i z a t i o n  of t h e  l i q u i d - s i d e  ( i @ e . ,  coolan t  

s i d e )  hea t  t r a n s f e r  t h a t  w i l l  e x i s t  l o c a l l y  throughout t h e  nozzle under t h e  inf luence  

of t h e  complex system-operating parameters.  

p r e d i c t i o n  technique approaches t h e  a c t u a l  h e a t  t r a n s f e r  condi t ion ,  t h e  more e f f i -  

c i e n t  t h e  des ign .  

achieve a workable p r e d i c t i o n  method which t h e  des igner  can use wi th  reasonable  

confidence.  

It fol lows t h a t  t h e  more c l o s e l y  a 

The purpose of cons iderable  e f f o r t  i n  t h i s  f i e l d  i s ,  t h u s ,  t o  

Two b a s i c  approaches have Seen gene ra l ly  employed: (1) r igo rous  anhiyses  

based on boundary l a y e r  t heo ry ,  and ( 2 )  empir ica l  c o r r e l a t i o n  of l a b o r a t o r y  t e s t  

d a t a .  

developed f low wi th  v a r i a b l e  f l u i d  p r o p e r t i e s .  S z e t a l a  (Ref 2 ) ,  however, could 

not c o r r e l a t e  experimental  hydrogen d a t a  us ing  t h e  D e i s s l e r  approach. More 

r e c e n t l y ,  Hess and Kunz (Ref. 3) have attempted t o  eva lua te  s e l e c t e d  experimental  

d a t a  of S z e t a l a  and of t h e  Lewis Research Center ,  employing a s i m F I . i r  a n a l y s i s  

der ived  from t h e  method of Wiederecht and Sonnemann (Ref. 4 ) .  Using a high-speed 

d i g i t a l  computer, approximately f i f t e e n  minutes were r equ i r ed  t o  compute a. s i n g l e  

Nusse l t  number. Agreement wi th  experimental  d a t a  was good a t  low hea t  f l u x e s  b u t  

D e i s s l e r  (Ref.  1)* has developed a n  analy-bical technique t o  desc r ibe  f; i l ly 

*A I-ist.  of r e f e r e n c e s  i s  given Gn Page 54. 
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became p rogres s ive ly  poorer  as t h e  h e a t  f l u x  was increased .  

t h e  u t i l i t y  of  t h e  very  complex method t h a t  f i n a l l y  evolved i n  t h i s  s tudy was q u i t e  

l i m i t e d  due t o  both  t h e  lengthy  p repa ra t ion  and computer run  t imes  r equ i r ed  f o r  

each p o i n t  and t o  t h e  f a c t  t h a t  good agreement could only  be achieved a t  h igh  L/D 

va lue  s 

It was concluded t h a t  

The second approach has been t h e  development of closed-form c o r r e l a t i o n s  of 

t h e  f a m i l i a r  form: 

b e d  Nu = K Rea Pr $1 9, . . .  
where K ,  a ,  b ,  e ,  d . . . r ep resen t  cons t an t s  der ived  empi r i ca l ly  from s ing le - tube  

t e s t  da t a  and $ r e p r e s e n t s  f a c t o r s  which al low f o r  t h e  non-ideal  v e l o c i t y  and tem- 

pe ra tu re  p r o f i l e s  caused by extreme changes i n  f l u i d  p h y s i c a l  p r o p e r t i e s ,  passage 

geometry, e t c .  A convent ional  Nussel t - type equat ion ,  modified by a wal l - to-bulk 

temperature  r a t i o ,  has been employed widely i n  t h e  p a s t  t o  c o r r e l a t e  t u r b u l e n t  

hea t  t r a n s f e r  data f o r  cryogenic hydrogen a t  s u p e r c r i t i c a l  p re s su res .  

t h e  r e s u l t s  of  t h e  i n i t i a l  h e a t  t r a n s f e r  t e s t  program on cryogenic  hydrogen con- 

ducted a t  Aerojet-General Corporat ion (Ref. 5 )  were p r e d i c t e d  by an equat ion  of 

t h e  form 

For example, 

0.8 0.4 
N% = K Reb Prb (2) 

where K and c were experimentally-determined cons t an t s .  

genera ted ,  depending i n  p a r t  upon t h e  temperature  d i f f e r e n c e  between t h e  w a l l  and 

t h e  coo lan t .  A t  low w a l l  temperatures  ( i , e . ,  low f l u x e s  and consequent ly  low 

coolant  tempera tures) ,  t h e  u n i t  hea t  f l u x  was found t o  be p r o p o r t i o n a l  t o  a 

f r a c t i o n a l  power of t h e  temperature  d r i v i n g  f o r c e  (Tw-T ). 
t h e  same mass v e l o c i t y ,  t h e  u n i t  h e a t  f l u x  was found t o  be  p r o p o r t i o n a l  t o  t h e  

f i r s t  power of t h e  thermal  d r i v i n g  fo rce .  

more with t h e  wa l l  temperature  achieved r a t h e r  t h a n  t h e  coo lan t  tempera ture ,  mass 

v e l o c i t y  or  heat  f l u x  l e v e l .  Based on t h e s e  data,  two c o r r e l a t i n g  equa t ions ,  

subsequent ly  termed "A" and "B" , were genera ted  f o r  p r e d i c t i n g  t h e  t e s t  r e s u l t s ,  

Two equat ions  were 

A t  h igher  f l u x e s ,  €or 
b 

Th i s  e f f e c t  was be l i eved  t o  be  a s s o c i a t e d  

4 



( 1  II A Equation: 

( T ~ / T ~  1-O * 64 0.8 0.4 
b prb Nub = 0.028 Re 

ll I f  B Equation: 

0.8 0.4 (Tw/Tb)-0.34 
Prb N% = 0.0217 Reb 

(3)  

(4) 

The experimental  d a t a  from which t h e s e  equat ions were genera ted  were obtaifled i n  a 

s e r i e s  of  t e s t s  wi th  hydrogen flowing i n  a s t r a i g h t ,  uniformly-heated,  0.194-in. d ia .  

t ube  wi th  an 8.0- in .  heated l eng th .  

f lowing a t  p re s su res  of 680 t o  1344 p s i a .  

achieved i n  t h e s e  t e s t s  ranged from 1.36 t o  16.5. 

The t e s t s  were conducted wi th  l i q u i d  hydrogen 

The wal l - to-bulk temperature  r a t i o s  

A t  t h e  incep t ion  of t h e  NF.RVA program, t h e  a v a i l a b l e  hea t  t r a n s f e r  d a t a  f o r  

hydrogen a t  p re s su res  above 400 p s i  and a t  temperatures  bo th  above and below t h e  

c r i t i c a l  temperature  were reviewed. Subsequently,  an experimental  h e a t  t r a n s f e r  

program was i n i t i a t e d  t o  s tudy  t h e  e f f e c t s  o f  geometry on t h e  hea t  t r a n s f e r  t o  

hydrogen a t  n e a r - c r i t i c a l  t empera tures .  I n  a d d i t i o n ,  cons iderable  unpublished data++ 

from t e s t s  on r e l a t i v e l y  long s t r a i g h t  tubes were made a v a i l a b l e  by R.  C. Hendricks 

and R. W. Graham of  NASA's Lewis Research Center .  These d a t a  were analyzed,  and 

a t tempts  were made t o  c o r r e l a t e  us ing  var ious  forms of t h e  Nusse l t  equat ion.  

* These data have s l x e  bezn p;biished as Ref. 6. 

5 



PRECEDING PAGE BLANK NOT FILMED. 

111. EXPERIMENTAL TEST B . O G R F M  

Various i n v e s t i g a t o r s  have conducted experimental  programs t o  determine t h e  

hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of cryogenic hydrogen. 

t h e s e  experimental  s t u d i e s  have been conducted us ing  s t r a i g h t  t u b u l a r  t e s t  sect ions,  

r e s i s t ance -hea ted  by d i r e c t  cu r ren t .  

coolant  i s  e s t a b l i s h e d  and e l e c t r i c a l  energy app l i ed  t o  t h e  t e s t  s ec t ion .  

system achieves s teady  s t a t e ,  measurements a r e  made of t h e  power i n p u t ,  en tha lpy  

change of t h e  f l u i d ,  p re s su re  l e v e l  throughout t h e  flow system, and o u t e r  w a l l  

temperatures  a long t h e  heated l eng th  of  the  tube .  From t h e s e  measurements and a 

knowledge of  t h e  geometry of t h e  system, t h e  u n i t  power genera t ion  i n  t h e  t u b e ,  t h e  

l o c a l  coo lac t  temperature ,  and t h e  temperature  drop through t h e  w a l l  of t h e  t e s t  

s e c t i o n  a r e  determined. 

each of t h e  var ious  w a l l  temperature  thermocouple l o c a t i o n s .  

I n  gene ra l ,  t h e  ma jo r i ty  of 

I n  t h e s e  t e s t s ,  t h e  weight flow r a t e  of t h e  

When t h e  

The l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  then  computed f o r  

I n  a l l  such t e s t s  of e l e c t r i c a l l y - h e a t e d  tubes ,  t h e  l o c a l  power genera t ion  

i s  a func t ion  of t h e  r e s i s t a n c e  of t h e  metal  tube .  Thus, t h e  l o c a l  u n i t  hea t  f l u x  

w i l l  vary  depending on t h e  l o c a l  r e s i s t a n c e  of t h e  tube  and, where t h e  c o e f f i c i e n t  

of r e s i s t i v i t y  i s  temperature  dependent,  w i l l  depend on t h e  temperature .  

e l e c t r i c a l l y  heated tube ,  t h e  incremental  vo l t age  drop i s  cons tan t  when t h e  tempera- 

t u r e  i s  uniform and t h e  tube  w a l l  t h i ckness  and diameter a r e  cnlfcrm, -md 

hence t h e  u n i t  hea t  f lux i s  uoifcrm along t h e  l eng th  of t h e  tube .  Likehise  t h e  

weight flow r a t e  o r  t h e  mass v e l o c i t y  of  t h e  coolan t  f o r  any sready s t a t e  rower 

l e v e l  i s  cons t an t ,  with t h e  r e s u l t  t h a t  t he  computed l o c a l  c o o l m t  tcmperatx-e  i n  

such a t e s t  s e c t i o n  inc reases  l i n e a r l y  with heated l eng th  i f  s p e c i f i c  hea t  i s  

cons t an t  a 

I n  an 

I n  a p p l i c a t i o n  t o  nczz le  des ign ,  it has been the  p r a c t i c e  t 'o taKe d a t a  

genera ted  i n  such t e s t s  ( L e , , ,  cons t an t  d i m e t e r  tubes  flowing hydrogen a t  a 

cons t an t  mass v e l o c i t y ,  a t  coolan t  temperatures  between 40 and 100'R, and a c o n s t a r t  

u n i t  h e a t  f l u x  a t  t h e  w a l l )  and t o  de r ive  empi r i ca l  equat ions t o  c o r r e l a t e  i to  
e m p i r i c a l  c o r r e l a t i o n s  a r e  then  ex t rapola ted  t o  determine t h e  h e a t  t r a n s f e r  c o e f f i -  

c i e n t s  i n  a system i n  which t h e  u n i t  hea t  f l u x  v a r i e s  s ig: i i f icant l ly  bo th  a l sng  the 

Trlese 
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l e n g t h  and around t h e  ffgas-wetted'f  p o r t i o n  of  t h e  f law channel pe r iphe ry .  

t h e  f l a w  channel does no t  have a cons t an t  diameter  and hence t h e  mass v e l o c i t y  i s  

c o n t i n u a l l y  varying. 

Also, 

Lewis Research Center  has  measured t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  t o  cryogenic  

hydrogen i n  long s t r a i g h t  tubes.  I n  these  t e s t s ,  the  mass v e l o c i t y  w a s  va r i ed  wi th  

a cons t an t  w a l l  h e a t  f l u x  as t h e  comparative parameter A t  Ae ro je t ,  on t h e  o t h e r  

hand, t e s t s  were performed us ing  r e l a t i v e i y  s h o r t  s t r a i g h t  and curved tubes  i n  which 

t h e  mass v e l o c i t y  w a s  he ld  cons t an t  and t h e  l o c a l  h e a t  f l u x  v a r i e d .  The primary 

d i f f e r e n c e  i n  t e s t  r e s u l t s  was the  span of l o c a l  coolan t  i n l e t  temperature;  

f o r  t e s t s  conducted a t  Aerojet ,  much h ighe r  h e a t  f l uxes  were achieved, however, the  

span of coolan t  temperatures  w a s  l e s s .  

The t e s t  d a t a  obtained a t  Lewls Research Center i n  t h i s  e a r l y  program 

in fo rma l ly  t ransmi t ted  t o  Aero je t  i n  May of 1963, have now been publ ished (Ref.  6) .  
These d a t a  have been included i n  the c o r r e l a t i n g  e f f o r t  conducted a t  AGC and i n  t h e  

work repor ted  by Hess and Kunz (Ref.  3) i n  which a p r e d i c t i v e  equat ion  w a s  proposed 

based on a f i lm  re fe rence  temperature c o r r e l a t i o n .  

Experimental  work conducted by Aero je t  du r ing  t h i s  per iod  (Ref.  7) included 

t e s t s  on t h e  study of geometric e f f e c t s  i n  a d d i t i o n  t o  s t r a i g h t  tube t e s t s ,  i . e . ,  

the  e f f e c t s  of cu rva tu re  on h e a t  t r a n s f e r  and t h e  a s s o c i a t e d  non-uniform or 

asymmetric hea t  a d d l t i o n  r e p r e s e n t a t i v e  of a r o c k e t  nozz lz  coo lan t  passage.  MorE 

r e c e n t l y  Hendricks e t  a l .  (Ref.  8) have completed and repor ted  on a h e a t  t r a n s f e r  

program conducted a t  p re s su res  ranging  from 1000 up t o  2500 p s i a .  Some of' t h e  d a t z  

i n  t h e  l a t t e r  r e p o r t  have been included i n  t h i s  study, s p e c i f i c a l l y  those  d a t d  at 

p re s su res  below 1500 p s i .  
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I V .  CORIiELATION OF EXPERIMENTAL TEST DATA 

Cor re l a t ion  of t h e  experimental  hea t  t r a n s f e r  t e s t  d a t a  has been attempted 

by comparing the  experimental  d a t a  w i t h  a form of Equat ion (1) with  t h e  p h y s i c a l  

p r o p e r t i e s  eva lua ted  a t  some reference  temperature such as bulk,  f i l m  or w a l l  

temperature.  The #J term i n  Equation (1) has  taken  t h e  form of a wa l l - to -bu lk  tem- 

p e r a t u r e  r a t i o  t o  some power, such as i n  Equat ions (2)  and (3) ,  or, as w i l l  be  seen 

l a t e r ,  a term which i s  based on r a t i o s  of p r o p e r t i e s  eva lua ted  a t  t h e  w a l l  and b127-k 

temperatures .  The c o r r e l a t i o n  of t hese  experimental  d a t a  has  been at tempted us ing  

two approaches: (1) a mathematical  approach where t h e  d a t a  were forced t o  f i t  a 

predetermined equat ion  form by means of a r e g r e s s i o n  c o r r e l a t i o n ,  and ( 2 )  a com- 

p a r i s o n  of experimental  d a t a  with empir ica l  equat ions  on a g r a p h i c a l  b a s i s  t o  

determine t h e  equat ion  which b e s t  r ep resen t s  t h e  m a j o r i t y  of t h e  d a t a .  The range 

of  c e r t a i n  t e s t  parameters  f o r  t h e  experimental  d a t a  included i n  t h i s  a n a l y s i s  are 

t abu la t ed  i n  Table I along with the  t o t a l  number of d a t a  p o i n t s  and t h e  data source 

For t h e  des ign  equat ions  considered i n  the g r a p h i c a l  a n a l y s i s ,  the r e fe rence  

temperature ,  c o e f f i c i e n t s  of t h e  equation, and c o r r e c t i o n  terms, i f  any, a r e  tabu-  

l a t e d  i n  Table 11. 

A.  COMPUTER REGRESSION ANALYSIS 

The experimental  h e a t  t r a n s f e r  d a t a  obtained a t  Aero je t  i n  t e s t s  of 

bo th  s t r a i g h t  and curved tubes  wi th  uniform h e a t  a d d i t i o n  were analyzed rmths- 

m a t i c a l l y  b y  means of a mul t ip l e  r eg res s ion  a n a l y s i s .  

w a s  p repa red  t o  handle  f i v e  terms i n  determining t h e  b e s t  exponents f o r  t h e  f i v e  

v a r i a b l e s  and t h e  c o e f f i c i e n t  of t h e  equation. The mul t ip l e  r eg res s ion  was pe r -  

formed on a n  equat ion of t h e  form: 

An IBM 7094 computer prograu 

a3 G~ 

P pgr 
"4 (1 + D/L) - ( 5 1  e 

2 a a 
S t  = K Re Pr  (1 + D / r c )  

The bracke ted  term (1 + D / r c )  w a s  included i n  an a t tempt  t o  a l low f n r  

t h e  tube  curva ture ,  and t h e  term: 

the rma l  en t r ance  e f f e c t s .  
a4 (1 + D/L) w a s  included t o  a l low f o r  

e 
The re ference  temperature  could be se l ec t ed  as any ray-gtng 
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TABLF I 

RANGE OF TEST PARAMETERS 

Parameter 

Coolant-Side Wall Temperature, Tw, "R 

Wall-to-Bulk Temperature Ratio, Tw/Tb 

Q A D Om2 Btu 

G lboo8 (in. sec) 0.2 
Heat Flux  Parameter, % , 

Diameter, D, in. 

Length-to-Diameter Ratio, L/D 

Data Source 

Lewis Research Center (Ref. 6) 

REON Straight Tube (Ref. 7) 

TN D-2977 (Ref. 8) 

Total Points 

Maximum Minimum 

1738 88 

20.8 1.8 

2.94 0.04 

0.152 

148 5.7 

0.506 

No. of Data Points 

1054 

333 

- 438 

1825 

10 



k 
a, 
k 

a, 
- f f i  

P > 
n 

P 

? 
2 
\ 

;L 

P 

? 
E-c 
\ 

€3 

I I 
I I 
I I 

0 
+ 
rl 
v 

n + 
rl 
W 

a, 
k 
a, 
G 
? 

\D 
I n  
0 
0 
0 
+ 

Ln 
I n  

0 
I 

0 
I 

cn cu 
0 
W 

I U 

a3 3 
0 rn ri 0 
N cu Rl cu 
0 0 0 0 
0 0 0 0 

N c u ~  
0 0 0  

0 
k 
a, 
k 

2 
03 

0 0 0  

0 
k 
a, 
k 

a, 
ffi 

n n  n - 
P P  

? ? 
E : ?  
H E +  
w w  

P 

8 
E: 
n 
W 

P 

3 
Ed 
€4 
W 

%d 
II 

k 
a, 
k 

2 

L n L n  

0 0  
L n  

0 
3 
0 

+ + + + 
P P  P P n H E- €4 

.. 
E 
0 
k 
C 
0 
.d 
-P a 
3 
d w 

11 



from the local bulk temperature to the local wall temperature. In addition to 

deriving the exponents a through a of the dimensionless parameters and the 

coefficient K of the equation, the standard errors associated with each exponent 
and the regression coefficient of the equation were obtained. By varying the 

reference temperature, it could be ascertained which reference temperature would 

permit the best fit. 
derived error terms that the a and the a terms were not adequately characterizing 

the data; these factors were subsequently deleted from the analysis and the equation 

was reduced to the following three-variable form: 

1 5 

However, it was apparent from a review of the computer- 

3 4 

2 a3 
a 1 a 

Stref "ref (Tw/Tb 

where 

= Tb + bw (Tw-Tb) Tref 

The value of b could be varied from 1 to 0, resulting in a reference 
W 

temperature Tref ranging from the local wall temperature (b 
temperature (b = 0). 

= 1) to the local bulk 
W 

W 

The computer-derived equation which best represented the test data 

obtained in straight tubes using the bulk temperature as the reference temperatwe 
was : 

(Tw/Tb )-OS8 
-0.14 0.96 

Prb St = 0.017 Reb b (7) 

The regression coefficient for this equation was 0.689, indicating a relative y poor 

data fit. Subsequent attempts to improve the correlation using the term e a& to 

characterize entrance effects or heated length effects were unsatisfactory. 

Reference (13) states that for a flow of water, the effect of sharp-edged entries 
can be accommodated by the term 1 + (D/L)0*7. Subsequently, this term was included 
in the analysis. Although this was effective in reducing the spread of data f o r  LID 
values of 18 or greater, it did not appreciably reduce the data spread at L/D values 
of 1 3  or less. 
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The equation which best represented the curved tube test data was 

(Tw/Tb -On 
-0,17 -0.3 

Prb Stb = 0.0346 Reb i 8  D 

A reasonable data fit for this equation was indicated by a regression coefficient 
of 0.92. 

One basic deterrent to the direct application of these mathematical 

expressions to design was the problem of extrapolating to conditions not coverea 

by test data. 

results on distribution of data it did not seem reasonable to apply these equation:: 

to design. 

Because of the somewhat poor data fit and strong dependence of the 

It was concluded that a regression analysis of data in the closed form 
Nusselt-type equation with the simple modifying factors employed does not adequately 

describe the complex heat transfer-fluid dynamic relationships existing in heating 

cryogenic hydrogen at high heat fluxes while flowing turbulently in even simple 

coolant passage geometries. Success with this approach must await a fuller under- 
standing of turbulent heat transfer with a high degree of variability in fluid 

properties. 

B. GRAPHICAL ANALYSIS 

The forced convection heat transfer characteristics of liquids cr 

gases at state conditions sufficiently renoved from the critical r e g i o n  can I L ~ :  

correlated by the familiar Dittus-Boelter equation without correction factors, 

In the case of oils, Sieder and Tate (Ref. 14), by introducing 3 viseosity c c r r e r .  

tion factor, accounted for the large variation in properties between the hot fi lm 

and the cold bulk fluid, However, it has not been demonstrated that experimental 

heat transfer data f o r  fluids at state conditions near the critical region can be 

correlated by such an equation. For fluids in the region of their critical ten- 

perature and pressure, the thermodynamic and transport properties change non-uniform,y 

with temperature and even pass through a point of inflection, It follows that t h e  



shape of t h e  c h a r a c t e r i s t i c  v e l o c i t y  Etnd temperature  p r o f i l e s  ac ross  t h e  diameter  of 

t h e  tube  may bear l i t t l e  resemblance t o  t h e  c l a s s i c a l  p r o f i l e s  f o r  t h e  ful ly-developed 

flow of a c0nstan.t v e l o c i t y  f l u i d .  Q u a l i t a t i v e  co r robora t ive  evidence may be found 

i n  t h e  work o f  Wood (Ref. 15) with  n e a r - c r i t i c a l  carbon d iox ide ,  i n  which, f o r  some 

t e s t s ,  t h e  maximum l i n e a r  v e l o c i t y  w a s  found t o  occur a t  y / r  va lues  from 0.1 t o  0.4 
(where y = d i s t ance  from tube  wal l  and r = tube  r a d i u s )  r a t h e r  t han  a t  t h e  c e n t e r  

of  t h e  condui t  ( y / r  = 1). 

I 

Lacking a wel l -def ined phys ica l  model f o r  hea t  t r a n s f e r  t o  hydrogen 

( p a r t i c u l a r l y  i n  t h e  c r i t i c a l  o r  t ransposed c r i t i c a l  temperature  r e g i o n ) ,  it would 

appear t h a t  t h e  convent iona l  approach t o  c o r r e l a t i o n  of  t h e  d a t a  w i l l  be s a t i s f a c t o r y  

only i f  t h e  coryec t ion  f a c t o r s  appl ied  t o  t h e  equat ion  ( e . g . ,  wal l - to-coolant  

temperature  r a t i o  r a i s e d  t o  some power) adequately al low f o r  t h e  d i f f e r e n c e s  i n  t h e  

shapes of t h e  a c t u a l  v e l o c i t y  and temperature  p r o f i l e s .  Although a complete under- 

s tanding  of t h e  phys ica l  model i s  not  a v a i l a b l e ,  it has been assumed t h a t  t h e  d a t a  

can be represented  g r o s s l y  by t h e  convent iona l  equat ions .  Ce r t a in  experimental  

t e s t  d a t a  obtained from t h e  Lewis Research Center (Ref. 6 )  have been compared wi th  

va r ious  c o r r e l a t i n g  equat ions  as i l l u s t r a t e d  by Figures  1 through 3 .  
were s e l e c t e d  as be ing  r e p r e s e n t a t i v e  of  t h e  manner i n  which t h e  l o c a l  wa l l  tempera- 

t u r e  v a r i e s  along a heated tube .  

t r a n s f e r  c o e f f i c i e n t ,  h ,  was d iv ided  by t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  he ,  c a l c u l a r € ~ '  

by s p e c i f i c  design equat ions and t h e  r a t i o  p l o t t e d  as a f u n c t i o n  of t,he coolan t  

temperature .  I n  a d d i t i o n ,  t h e  coolan t  s i d e  w a l l  temperature  (computed from t h e  

measured outer -wal l  t c m ~ e r s t u r e  and t h e  power d i s s i p a t e d  i n  t h e  t u b e )  has been 

p l o t t e d  as a func t ion  of coolant  temperature .  Note t h a t  a r a t i o  g r e a t e r  t han  1.00 

means t h e  experimental  h i s  g r e a t e r  t han  c a l c u l a t e d ,  while  a number l e s s  than  1 . O c '  

means t h e  ca l cu la t ed  h i s  l a r g e r  than  experimental .  From t h e s e  p l o t s ,  it a&pear:, 

t h a t  t h e  ca l cu la t ed  r a t i o s  based on t h e  suggested equa t ions ,  a l though d i f f e r e n t ,  

a r e  nea r ly  cons tan t  f o r  t h e  h igher  coolan t  tempera tures  o r  f o r  t h a t  p a r t  of t h e  

tube where t h e  w a l l  temperature  i s  dec reas ing  wi th  i n c r e a s i n g  l eng th .  For t h a t  

p o r t i o n  of t h e  tube  where t h e  w a l l  temperature  i s  i n c r e a s i n g  wi th  inc reas ing  coolaclL 

temperature ,  the hea t  t r a n s f e r  c o e f f i c i e n t  cannot  be  adequate ly  p r e d i c t e d  by any of 

t h e s e  equat ion forms. 

These data  

For each of  t h e s e  t e s t s ,  t h e  experimental  h e a t  

C 
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SYMBOL AND EQUATION DATA SOURCE 
~~ 

0 REON "A"  (REF. 5) 
0 REON "B" (REF. 5 )  
0 MODIFIED F I L M  TEMP. (REF. 11) 
A HESS & KUNZ (REF. 3 )  
0 HENDRICKS, E T A L .  (REF. 8 )  

2 .0  

1.6 

0 1.2 

a 

2 

- 
I- 

nf 

V s 

.8 

..4 

0 

REF. 6, 
TEST 667 

700 

nf 
0 . 
3 

600 I- 
W 
rY 
3 
I- 

nf 
a 

500 
2 
w 
I- 

1 
1 

400 s 
w 

v, 
I- z 

n - 
I 

a 
300 2 

0 
0 

200 
50 6 0  78 60 9a 108 

COOLANT TEMPERATURE, Tb, O R  

NOTE: 
EXPERIMENTAL HEAT TRANSFER COEFFICIENT 

= CALCULATED HEAT TRANSFER COEFFICIENT C 

Figure 1 

Comparison of Experimental and Predicted Heat Transfer Coefficients, 

LRC Test 667 Data 

1 5  



SYMBOL EQUATION 

0 REON "A" (REF. 5) 
0 REON "6" (REF. 5) 
0 MODIFIED FILM TEMP. (REF. 11) 
A HESS 8t KUNZ (REF. 3) 
0 HENDRICKS, ETAL.  (REF. 8) 

DATA SOURCE 

REF. 6, 
TEST 7 0 8  

.ooo 

e 
0 

5 

B 
900 . 

W e 
3 c 
2 

5 
800 2 

c 
-I 
-I 

7 0 0  
W 

m 
I 

t- z 

e 

' 6 0 0  4 0 
0 
0 

500 
:0 

COOLANT TEMPERATURE, Tb, OR 

NOTE: 
h - EXPERIMENTAL HEAT TRANSFER COEFFICIENT 

h, = CALCULATED HEAT TRANSFER COEFFICIENT 

Figure 2 

Comparison of Experimental  and Pred ic t ed  Heat  T rans fe r  C o e f f i c i e n t s ,  
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By examining t h e  way i n  which t h e  hea t  t r a n s f e r  c o e f f i c i e n t  i s  p r e d i c t e d  

t o  va ry  ir, a tube with uniform hea t  f l u  and mass v e l o c i t y  f o r  a span of coolan t  and 

w a l l  temperatures ,  it i s  more apparent why t h e  equat ions a r e  r e l a t i v e l y  u n s a t i s f a c t o r y  

a t  low coolant  temperatures ,  

terms i n  any one of  t h e  e q i a t i o n s  can be separa ted  i n t o  two groups. The terms which 

are  a func t ion  o f  t e m p e r a t x e  and p res su re  a r e  made equiva len t  t o  t h e  ba lance  of  

t h e  terms which descr ibe  t h e  geometry and hea t  f l u x  c h a r a c t e r i s t i c s  of  an exper i -  

mental  system, The r e s u l t  i s  a hea t  f l u x  parameter ,  t h a t  has been r e f e r r e d  t o  a s  

t h e  Goldmann parameter,  which can be descr ibed  a s  a func t ion  of  temperature  and 

p res su re .  The f i v e  equat ions used i n  t h e  p repa ra t ion  of F igures  1 through 3 a r e  

aga in  presented  i n  F igures  4 through 8 i n  which t h e  Goldmann parameter ( l i n e s  of 

cons tan t  hea t  f l u x  parameter,  (Q/A) l I o n 2 / G o o 8 )  has been p l o t t e d  as a func t ion  of t h e  

wal l  and b-dlk temperstures .  These f i g u r e s  i l l u s t r a t e  how t h e  w a l l  and coolan t  tem- 

p e r a t u r e s  would be p red ic t ed  t o  va ry  s long  a heated tube  f o r  cons tan t  va lues  of t h e  

hea t  f l u x  Farameter,  with d a t a  from t h r e e  t e s t s  f o r  comparison. It can be  seen 

t h a t  t h e  h igher  t h e  heat  f l u x  parameter f o r  any given coolan t  tempera ture ,  t h e  

h igher  t h e  w a l l  temperature  p red ic t ed .  Inc reas ing  coolan t  temperatures  a t  any 

cons tan t  hea t  f l u x  - mass v e l o c i t y  r a t i o ,  would r e s u l t  i n  reducing t h e  w a l l  tempera- 

t u r e .  Since the  experimental  t e s t s  have been conducted i n  systems where t h e  h e a t  

f l u x  Farameter remains e s s e n t i a l l y  cons tan t  throughout t h e  l eng th  of t h e  t u b e ,  t h e  

v a r i a t i o n  i n  coolant  and w a l l  temperatures  should be p r e d i c t e d  by a l i n e  of constaf , t  

h e a t  f l u x  parameter 

Goldmann (Ref 16)  suggested t h a t  t h e  dimensionless  

The tcct d a t s  rrtown t n  FigJreF 1 through 3 were r e p l o t t e d  i r l  Figures 4 
through 8 i n  term; of  s e l e c t e d  i n d i v i d u a l  p r e d i c t i o n  equa t ions ,  

apparent  t h a t  the  w a l l  temperdtures  2s m e a s u e d  i n  t h e  s t r a i g h t  tube  t e s t s  do not  

vary  i n  t h e  mbnner p red ic t ed  by t h e  design equa t ions ,  I n  F igure  4 t h e  v a r i a t i o n  i r l  

t h e  r e l a t i o n s h i p  between t h e  w a l l  and coolan t  tempera tures  f o r  l i n e s  of cons t an t  

hea t  f l u x  p red ic t ed  by t h e  REON “Y”  equat ion  has been p l o t t e d ,  

r e l a t i o n s h i p  p red ic t ed  by t h e  hFON ‘B” equa t ion ,  while  F igure  6 shows t h e  r e l a t i o n -  

s h i p  p red ic t ed  by a modified f i l m  t e R p e r a t w e  c o r r e l a t i o n .  The o t h e r  two r e l a t i o n -  

s h i p s  a r e  f o r  the  Hess and  Funz equat ion  (F igure  7 )  and t h e  Nusse l t  f i l m  tempera ture  

equat ion  (Figure 8) 

It i s  r e a d i l y  

F igure  5 i s  t h e  
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Several  observa t ions  can be  made from these  p l o t s .  I n  gene ra l ,  t h e  

p red ic t ed  w a l l  t e m p e r a k r e  a t  low coolant  temperature inc reases  r a p i d l y  wi th  an 

inc reas ing  heat  f l u x  parameter.  

w a l l  temperature f o r  t h e  sane hea t  flux parameter i s  p red ic t ed  t o  decrease a s  t h e  

coolant  temperature approaches 1CO"R and then  i s  r e l a t i v e l y  cons tan t  a t  l e a s t  t o  a 

temperature  of 140"R. 
through 3 have been p l o t t e d  and t h e  range of t h e  hea t  f l u x  parameter f o r  each of t h e  

t h r e e  t e s t s  i s  noted. 

because t h e  c h a r a c t e r i s t i c  change i n  w a l l  temperature  with coolan t  temperature  i s  

i l l u s t r a t e d  q u i t e  c l e a r l y .  

a r e  i l l u s t r a t i v e  of t h e  way t h e  t e s t  d a t a  d i f f e r  from t h e  p r e d i c t e d .  

t h e  measured heat  f l u x  parameters a r e  lower than  p red ic t ed .  

t h e  high va lue  o f  t h e  h/hc r a t i o  a t  low coolant  temperatures  i s  r e p r e s e n t a t i v e  of 

a low he because a h igh  wal l  temperature i s  p r e d i c t e d  by a l l  t h e  equat ions  a t  low 

coolant  temperatures .  

A s  t h e  coolan t  temperature i n c r e a s e s ,  t h e  p r e d i c t e d  

On each of t h e s e  graphs,  t h e  d a t a  p l o t t e d  on Figures  1 

Data from Reference (6)  were s e l e c t e d  f o r  t h i s  p r e s e n t a t i o n  

The d a t a  p l o t t e d  a r e  be l ieved  t o  be r e p r e s e n t a t i v e  and 

I n  gene ra l ,  

On Figures  1 through 3,  

A computer program was prepared t o  compute h e a t  t r a n s f e r  c o e f f i c i e n t  

r a t i o s  h/hc where h i s  based on e i g h t  of t h e  equat ions  proposed f o r  p r e d i c t i n g  

t h e  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  cryogenic  hydrogen and t o  a r range  t h e  data f o r  

p l o t t i n g .  

(1) l e s s  than  600 p s i ,  ( 2 )  g r e a t e r  t han  600 and l e s s  t han  1000 p s i ,  and ( 3 )  g r e a t e r  

than  1000 p s i .  

C 

P r i o r  t o  p l o t t i n g ,  t h e  da ta  were s o r t e d  i n t o  t h r e e  p re s su re  l e v e l s ;  

The phys ica l  proper ' t ies  used i n  t h e  computation of  t h e  hea t  t r a n s f e r  

c o e f f i c i e n t  were obtained f r o n  a tabu1d.r computer code f o r  d i g i t a l  computers pre-  

pared a t  Los Alamos S c i e n t i f i c  Laboratory and termed TAB-T. 
code a r e  f o r  the  tem9eratu-e  range from 36 t o  5000"~ and p res su re  from 0 t o  1500 p s i .  

hence t h e  r e s t r i c t i o n  t o  p re s su res  l e s s  t han  1500 p s i a .  

The p r o p e r t i e s  i n  t h i s  

24 



C , BULK TEMPERATURE CORRELATIONS 

Seve ra l  equat ions  based on t h e  form of Equation (1) which use  bulk  

p r o p e r t i e s  have been recommended f o r  t h e  c a l c u l a t i o n  of hea t  t r a n s f e r  c o e f f i c i e n t s ,  

Four of  t h e s e  equations,  a s  proposed i n  References 5,  9 and 10 f o r  c o r r e l a t i n g  

hydrogen da ta ,  have been included i n  t h e  a n a l y s i s .  The equat ions of Reference 5 
were prepared s p e c i f i c a l l y  f o r  l iqu id  hydrogen and t h e  equat ions of References 9 
and 10 were prepared b a s i c a l l y  f o r  gaseous hydrogen and helium. 

The r e s u l t s  of  t h i s  a n a l y s i s  a r e  g iven  i n  F igures  9 through 12. These 

p l o t s  u t i l i z e  experimental  t e s t  d a t a  obtained i n  s t r a i g h t  t ubes  from References 6 
and 8. Seve ra l  conclusions a r e  ev ident  from t h e s e  f i g u r e s .  

equat ions  resu l t  i n  a wide range i n  t h e  magnitude of  t h e  h/hc r a t i o .  

c o e f f i c i e n t  a t  low coolant  temperatures  i s  g e n e r a l l y  low, r e s u l t i n g  i n  a r a t i o  >1 
and, as t h e  coolan t  temperature  inc reases ,  t h e  r a t i o  gene ra l ly  decreases  t o  a mini- 

mum a t  temperatures  between 70 and 80"~. 
value  of  u n i t y  a s  t h e  coolan t  temperature  inc reases .  

t h e  low temperature  data; t h e  high h/hc r a t i o  d a t a  a r e  gene ra l ly  REON data while  

t h e  Lewis Research Center d a t a  tend  t o  be b e t t e r  c o r r e l a t e d .  The REON "B" and 

Dalle-Donne-Bowditch equat ions  both  tend  t o  reduce t h e  spread between t h e  Lewis 

Research Center and t h e  REON d a t a  b e t t e r  than  do t h e  REON "A" (F igure  9 )  or t h e  

McCarthy-Wolf (Figure 11) equat ions.  

however, shows a tendency t o  inc rease  t h e  spread i n  t e s t  data a t  bu lk  temperatures  

above 80"R i n t o  what appear t o  be  t w o  bands. 

shows t h e  l ea s t  spread i n  t h e  d a t a  of  a l l  t h e  b u l k  temperature  c o r r e l a t i o n s ;  

however, it a l s o  shows t h e  g r e a t e s t  dev ia t ion  from an h/hc r a t i o  of u n i t y .  

I n  gene ra l ,  a l l  t h e  

The p red ic t ed  

The r a t i o  then  inc reases  t o  approach a 

S i g n i f i c a n t  s c a t t e r  e x i s t s  f o r  

The Dalle-Donne-Bowditch equat ion  (F igure  12 ) , 

The REON "B" equat ion  (F igure  10) 

The d i f f e r e n c e s  i n  t h e s e  four  bulk  temperature  c o r r e l a t i n g  equat ions  a r e  

t h e  exponents  of t h e  T /T 

The combined e f f e c t  o f  t h e s e  v a r i a t i o n s  i s  shown by Figure  13. I n  t h a t  f i g u r e ,  t h e  

four  bu lk  temperature  equat ions  have been p l o t t e d  toge the r  t o  show t h a t , ;  a s . t h e  

Tw/Tb r a t i o  inc reases ,  t h e  Nussel t  number (or hea t  t r a n s f e r  c o e f f i c i e n t )  decreases  

fo r  t h e  same Reynolds and P r a n d t l  numbers. 

r a t i o  and t h e  r e s p e c t i v e  c o e f f i c i e n t s  of t h e  equat ions .  
w b  

The low exponent of t h e  REON "B" equa t ion  
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Experimental/Calculated Heat Transfer Coefficient Ratio Comparison w i t h  

the REON "A" Equation Prediction 
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r e s u l t s  i n  p r e d i c t i n g  a higher  hea t  t r a n s f e r  Coef f i c i en t  than  t h e  REON "A" o r  t h e  

McCarthy-Wolf equat ions f o r  Tw/T I n  t h e  case  of t h e  

Dalle-Donne-Bowditch equat ion,  a heated length- to-diameter  r a t i o  (L/D) o f  20 

r e s u l t s  i n  a hea t  t r a n s f e r  c o e f f i c i e n t  similar t o  t h a t  p red ic t ed  by t h e  REON "B" 

equat ion while an L/D of 60 would r e s u l t  i n  t h e  p r e d i c t i n g  of a hea t  t r a n s f e r  

c o e f f i c i e n t  nearer  t h a t  of t h e  REON "A" or t h e  McCarthy-Wolf equat ions ,  

gene ra l ,  h igh L/D va lues  a r e  a s soc ia t ed  with higher  coolan t  temperatures ,  where 

the  wa l l  temperature  i s  gene ra l ly  low and t h e  r a t i o  of wal l - to-bulk temperature  

i s  small .  

and t h e  wal l  temperatures  a r e  o f t en  a t  a maximum, r e s u l t i n g  i n  a f a i r l y  l a r g e  

Tw/Tb r a t i o  and consequent ly  a higher  hea t  t r a n s f e r  coef f ic ie r r t  i s  p r e d i c t e d ,  

example, a t  a coolant  temperature  of 80"~ f o r  a wal l  temperature of 800"~, t h e  

p red ic t ed  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  an L/D of  20 would be 66% higher  tha?  i f  

t h e  L/D was 60, and a l l  o the r  condi t ions  remained t h e  same. 

c o e f f i c i e n t  of t h e  Tw/Tb r a t i o  from -(O.29 + 0.0056 L/D) t o  -(O.29 f 0~0019 L/D) 

i s  recommended by M i l l e r  and Taylor (Ref.  17). 
spread i n  t h e  p red ic t ed  c o e f f i c i e n t  and would r e s u l t  i n  p r e d i c t i n g  a va lue  between 

t h a t  p r e d i c t e d  by REON "A" and REON "B" equat ions.  

va lues  g r e a t e r  t han  3. 
b 

I n  

However, f o r  smal l  L/D va lues  t h e  coolant  temperature  i s  g e n e r a l l y  low 

For 

A r educ t ion  i n  t n e  

This  would reduce t h e  ind ica t ed  

Williamson and B a r t l i t  (Ref 18) have reviewed t h e  a p p l i c a t i l i t y  of 

nine equat ions  f o r  p r e d i c t i n g  hea t  t r a n s f e r  t o  cryogenic hydroger_. 

concluded t h a t  t h e  data could be  c o r r e l a t e d  by us ing  t h e  Di t tus -Boel te r  equat ion  

wi th  a c o e f f i c i e n t  of  i j . O l l 5 .  

t i o n s  by drawing a h o r i z o n t a l  l i n e  which i n t e r s e c t s  t h e  "y" a x i s  of F igure  13 a t  

a va lue  of  0.0115, It i s  r e a d i l y  al;parer,t t ha t  t h e  computed coefficlc-t b 2 - e d  

on t h i s  equat ion  would be lower than  those  p red ic t ed  by t h e  o the r  eqinatfons a t  

Tw/Tb v a l u e s  l e s s  t han  3 and between t h e  va lues  p red ic t ed  by t h e  REOV "A" snc! "P" 

equat ions  f o r  T /T va lues  between 3 and 7 and g r e a t e r  t han  t h a t  p red ic t ed  b j  L . n e  

REON "B" f o r  Tw/Tb va lues  g r e a t e r  t han  7 ,  

on Figure  1 0  i s  be l i eved  t o  be t h e  b e s t  c o r r e l a t i n g  equat ion based on buLk proyertit. 

Although any of t h e s e  bulk  temperature  equat ions (F igures  8 through 1 2 )  can be i 2 ~ c > ~  

f o r  p r e d i c t i n g  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  by us ing  t h e  appropr i a t e  C 

a d j u s t  t h e  c o e f f i c i e n t  of t h e  equat ion ,  t h e  REON "B" equat ion wi th  v a r i a b l e  C,'s 

appears  t o  ninimize t h e  apparent spread i n  t e s t  d a t a  and i s  suggested as b e s t  r ep re -  

s e n t i n g  t h e  d a t a  based on t h i s  a n a l y s i s .  

These workers 

T h i s  equat ion can be compared wi th  t h e  o the r  q u a p  

w b  
The modified REON "B" equat ion ind ica t ed  

va lue  t c  L 
L 



D FILM TEMPE3.ATUF.E C3FZELP:TiONS 

Correlation of tne experimegtal data with physical properties evaluated 

at the film temperature would appear to be a valid approach since it can be reasoned 

that the hot layer of gas near the heated wall would tend to control the transfer 

of energy. 

still may require some correctior, term to account for the large variation in 

properties between the hot wall and the cold fluid core. Four equations based on 

film temperatures have been proFosed for correlating hydrogen heat transfer data. 

Hess and Kunz (Ref. 3) proposed a film temperature correlation with a correction 
term involving a ratio of kinematic viscosities based on wall and bulk properties. 

At the Aerojet-General Corporation, a second equatior (Ref. 17) was proposed and 
investigated by REON. 

incorporates a rhtio of densities based on wall and bulk temperatures as a correction 

term. Hendricks et al. (Ref. 7) recently have correlated experimental test data at 

high pressures without a coryection term by the Nusselt-film correlation. In 
addition, the Hess and Kunz film temperature correlation has been modified by 

Miller et al. (Ref. 18) for design purpose? by modifying the constants in the origi- 
nal equation, 

The Hess and Kunz equstion (Figdre 14) shows the closest approach to unity at higkl 
coolant temperatures; the modified film temperature correlation (Figure 15), however , 
correlates the low temperature data better thsn any of the other equations. 

is also suggested in F i g u r e  6 where at low coolant temperatures the predicted wall 
temperature for lines cf constwit cormalized heat flux do not increase almost 
asymptotically for decreasing talperstures, which is somewhat consistent with the 

experimentally determined wall temperature profiles, 

the other equations 

Film temperature correlations, however, like bulk temperature correlations, 

?hi; equstion, termed the modified fi.h temperature equation, 

Plots of these f o m  equations are shown as Figures 14 through 17* 

This 

This was not true for each cf 

The Nusselt f i h  temperature correlation recommended by Hendricks 

(Ref. 8) (Figure 16) represents the L,ewis Research Center data quite well, particL- 
larly at higher coolar,t temperatures. 
and LRC data indicates that the Hendricks equation is conservative at the higher flux 

levels and high wall temperatures representative of the REION data. 

A comparison of the variation between REON 

The equation 
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* 
proposed by Miller (Ref. 12) as a correlating equation for cryogenic hydrogen is 

shown in Figure 17 to be restrictive in the same manner as the other design equations. 

Actually, the difference between the Hess and Kunz and the Miller-Seader-Trebes 

equation is small, amounting to approximately 2.5% at coolant temperatures > 85"R. 
As with the bulk temperature equations, the film temperature equations can be modi- 

fied to represent the test data by factoring the coefficient of the equation by the 

appropriate CL value. 

value adequately represents the test data compared in this analysis and is therefore 

recommended for use in design. 

The Hess and Kunz equation modified by the appropriate CL 

E. EFFECT OF SYSTEM GEOMETRY 

The effects of coolant passage curvature on the heat transfer charac- 

teristics of cryogenic hydrogen have been investigated in tubes with symmetric and 

asymmetric heat addition. 
any enhancement in the heat transfer coefficient due to the curvature and the appli- 

cation of this enhancement to design, specifically in the throat region of a 

nozzle. 

These tests were performed to determine the magnitude of 

- 
Ito (Ref. 19) proposed that the effect of curvature on resistance to 

flow can be represented by the relationship: 

2 0.05 
= CReb ] fcurved tube 

straight tube 

where : 

Reb = Reynolds number based on bulk properties 

R = tube radius 

r = radius of curvature 

f = resistance coefficient 

For the geometries characteristic of the test data depicted in Figures 18 and 19, 
and a Reynolds number of 10 , this relationship predicts an increase in resistance 
around the curve of approximately 30$. 

6 
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TEnP - DEC R 

Figure 18 

Exper imen to l /~n lcu la t ed  Heat Transfer  Coef f i c i en t  R a t i o  Comparison with 

tllc IIcss arid Kunz Equation P r e d i c t i o n  (Curved Tube Data) 
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Figure 19 

Experimental /Calculated Heat Transfer  C o e f f i c i e n t  Rat io  Comparison w i t h  

the Y30N "B" Equation P red ic t ion  (Curved Tube Data) 
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For a i r  flowing i n  c o i l s ,  McAdams (Ref 20) recommends t h e  r e l a t i o n s h i p  

of Jeschke where t h e  average hea t  t r a n s f e r  c o e f f i c i e n t  f o r  a c o i l  exceeds t h a t  of a. 

s t r a i g h t  tube  by a f a c t o r :  

Seban and McLaughlin (Ref. 21)  found t h a t ,  f o r  t h e  flow of water and o i l s  i n  c o i l s ,  

t h e  average hea t  t r a n s f e r  c o e f f i c i e n t  i n  c o i l s  with a D 

enhanced an average of 30% and a t  an DHe/D r a t i o  of 104 was enhanced only  9%. 
These r e s u l t s  correspond t o  enhancement pe r  Jeschkes '  p r e d i c t i o n  of 20 and 3%, 
r e spec t ive ly .  

c o e f f i c i e n t  was not  cha rac t e r i zed .  

/D r a t i o  of 17 was 
He 

The magnitude of  t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  i n  l o c a l  h e a t  t r a n s f e r  

Hendricks and Simon (Ref.  22) s tud ied  t h e  e f f e c t  of curva ture  f o r  sub- 
I 
1 c r i t i c a l  (two-phase) , s u p e r c r i t i c a l ,  and gaseous hydrogen flowing i n  four  tube  

geometr ies .  

(swept s i d e  of t he  tube )  and convex ( i n s i d e  of t h e  curve)  s i d e s  wi th  t h e  c o e f f i c i e n t  

on t h e  convex s ide  reduced b u t  gene ra l ly  fo l lowing  t h e  s t r a i g h t  tube  data a t  com- 

pa rab le  condi t ions .  

t h e  r a d i u s  of curva ture ,  angular  p o s i t i o n ,  and f l u i d  cond i t ions .  A s u b s t a n t i a l  

d i f f e rence  i n  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  between t h e  concave su r face  arid t h e  

convex s i d e  was noted i n  t h e s e  t e s t s  conducted i n  uniform w a l l  t h i ckness  tubes  To 

b e t t e r  s imula te  nozzle cond i t ions ,  t e s t s  performed a t  Aero je t  were conducted u s i n g  

t ubes  wi th  asymmetric hea t  a d d i t i o n  a t  a f l u x  r a t i o  between t h e  concave and corwex 

s i d e s  of t h e  tube  of approximately 3:l. 
tube  curva ture  r e s u l t s  i n  enhancement. 

curved tubes  have been considered s e p a r a t e l y  i n  t h i s  a n a l y s i s .  The suggested des ign  

equat ions ,  bo th  the f i lm-temperature  Hess and Kunz equa t ion  and t h e  bulk- temperature  

REON "B" equat ion,  were compared wi th  t he  curved t u b e  t e s t  data as shown on 

Figures  18 and 19. 

I n  gene ra l ,  t hey  noted an enhancement of up t o  3:l between t h e  concave 

The magnitude of t h e  enhancement was found t o  be a func t ion  o f  

These t e s t s  a l s o  supported t h e  f i n d i n g  t h a t  

Consequently,  t h e  d a t a  obta ined  i n  t e s t s  i n  

The conclusion drawn from t h e s e  graphs i s  t h a t  f o r  des ign  purposes 

i 

+ 3.5 (D/DHe) 

where : 

I) = tube  diameter 

DHe = Hel ix  diameter 
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a conservative value of the heat transfer coefficient for the curved portion of a 
nozzle would be predicted by the design line drawn as shown. 

Hess and Kunz equation (Figure 18j at coolant temperatures above 80"~, a CL value 
of 1.0 represents an enhancement of some l5 to 20% over the corresponding pre- 
diction for a straight tube, The enhancement factor to be used with the REON "B" 
equation is as indicated in Figure lgO 

increase over the corresponding straight tube coefficient. 

In the case of the 

This design line is equivalent to a 30% 

In the tests with asymmetric heat addition, the effect of alzgular posi- 

tion and radius of curvature were not determined. Some tests were conducted in 

uniform wall thickness tubes in which measurements were made at different angular 

positions and coolant temperatwes to define the possible adverse curvature effect 

in the convergence-to-barrel section of the NERVA nozzle, rn this region of the 

nozzle the curvature is sdch its to offer a possible reduction in heat transfer 
corresponding to the enhancement on the other side. The experimental data for the 

convex side of the tube has been compared with the Hess and Kunz equation pre- 

diction in Figure 20. It appears that the heat transfer coefficient is not sig- 

nificantly degraded from that in straight tubes and consequently this section 

can be handled analytically in the same manner as the straight tube portion of 

the nozzle. 
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DATA SOURCE (REF. 7) 
TEST 095 LC-46 

SYMBOL - L/D LOCATION 

9 . 6  STA. 1 
16.7 STA. 2 
24 STA. 3 
3 1  STA. 4 

COOLANT 
FLOW 

V 

ZUR'JED UNIFORM WALL THICKNESS TUBE 

1 I 1 

A 

120 140 160 180 200 4 0  60 80 100 
COOLANT TEWPERATURE, Of? 

Figure 20 

Comparison of the  "Unswept" Side Heat T rans fe r  C o e f f i c i e n t  w i t h  

t h a t  Predicted by t h e  Hess and Kunz Equat ion 
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v. DISCUSSION OF RESULTS 

! 

1 

t 
I 

The r e s u l t s  presented  g raph ica l ly  i n  F igures  9 through 1-9 show t h a t  each 

equat ion  p r e d i c t s  t h e  d a t a  i n  e s s e n t i a l l y  t h e  same manner, I n  genera l ,  a l l  equa- 

t i o n s  r e s u l t  i n  cons iderable  s c a t t e r  bo th  above and below t h e  i d e a l  va lue  of  

h/hc = 1.0. 

t i v e  hea t  t r a n s f e r  c o e f f i c i e n t ,  and y e t ,  f o r  purposes of  maximizing performance, 

t h e  most conserva t ive  e s t ima te  i s  o f t e n  not t o l e r a b l e .  It i s  t h e r e f o r e  suggested 

t h a t ,  as a conserva t ive  l i m i t ,  t h e  locus  of t h e  p o i n t s  a long t h e  lower edge of t h e  

family of p o i n t s  on any one of t h e  f i g u r e s  be  s e l e c t e d  as r e p r e s e n t a t i v e  of t h e  

minimum hea t  t r a n s f e r  case .  

and a nominal o r  design equat ion  can be drawn. I n  t h i s  manner, t he  nominal design 

l i n e  and - i- 20% l i m i t  l i n e s  were e s t ab l i shed .  Following t h e  de te rmina t ion  of t h e s e  

l i m i t s ,  t h e  percentage of t h e  d a t a  p o i n t s  encompassed by t h e s e  l i m i t  l i n e s  was 

determined. I n  p r a c t i c e ,  t h i s  nominal equat ion i s  u t i l i z e d  i n  design by d e f i n i n g  

a c o e f f i c i e n t  m u l t i p l i e r  of t h e  equat ion as t h e  va lue  of  t h e  o r d i n a t e  a t  any 

tempera ture ,  i . e . ,  a l i q u i d - s i d e  c o e f f i c i e n t ,  o r  " C L f l ,  which i s  a func t ion  of  t h e  

coolan t  temperature .  The C values  f o r  each equat ion  included i n  t h i s  r e p o r t  a r e  

l i s t e d  on t h e  r e s p e c t i v e  graphs.  It i s  apparent  t h a t  any one of t h e  equat ions  

t h e n  can be appl ied  t o  des ign  by proper  s e l e c t i o n  of  t h e  CL va lues ,  and t h e  p r i m - y  

d i f f e rence  between t h e  equat ions  becomes t h e  confidence l e v e l  based on t h e  

percentage  of p o i n t s  l oca t ed  w i t h i n  t h e  des ign  l i m i t s .  

For des ign  purposes ,  one i s  predisposed t o  s e l e c t  t h e  most conserva- 

By us ing  t h i s  as a lower l i m i t ,  a d a t a  band of  - -+ 20% 

L 

From t h i s  a n a l y s i s ,  it has been demonstrated t h a t  two equat ions  reasonably 

desc r ibe  t h e  t e s t  d a t a  when f ac to red  with a CL m u l t i p l i e r :  

p e r a t u r e  c o r r e l a t i o n ,  t h e  Hess and Kunz equat ion ,  as represented  on Figure  14 i n  

a s s o c i a t i o n  with t h e  proper  CL versus  coolant  temperature  r e l a t i o n s h i p ,  adeqva%nl; 

r e p r e s e n t s  t h e  d a t a ;  and ( 2 )  f o r  t h e  case of a bulk  temFerature c o r r e l a t i o n ,  t he  

REON "B" equat ion  p rope r ly  co r rec t ed  by t h e  CL versus  coolan t  temperature  r e l a t i o n -  

s h i p ,  as r ep resen ted  i n  F igure  10, p re sen t s  t h e  most r e p r e s e n t a t i v e  bu lk  t enpe r s t  rc 

c o r r e l a t i o n .  

(1) f o r  3 f i b  %e?- 
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The percel?tige Gf e x ~ ~ e r i n e r ~ t a l  p o i n t s  f a l l i n g  wi th in  - * 20% of t h e  design 

equat ion  on each of t h e  gra-&ks i s  % a t d a t e d  on Table 111. 

The design of ti r e g c n e r i t i v e l y  o r  convec t ive ly  cooled nozzle  us ing  l i q u i d  hy- 

d rogena .  a coolant 1s performed on & d i g i t a l  computer, hence t h e  complexity of 

t h e  c o r r e l a t i n g  equat ions i s  not a formidable problem, 

program i n  use a t  Aero je t  ''gilesse:" bd:k temperatLre,  g a s - s i d e  tempera ture ,  coolan t -  

s i d e  temFerature and p res su re ,  and i t e r a t e s  on t h e s e  four  parameters  u n t i l  t h e  

system i s  c o n s i s t e q t ,  

s p e c i f i c  p o i n t s  along t h e  coolan t  c h a n i e l  using t h e  va lues  from t h e  previous  S t a t i o n  

as guesses  f o r  t h e  fo l iowi rg  chtiqrel  incremento 

The nozzle design computer 

The c o n r u t s t i o n s  a r e  performed i n  a s tepwise manner a t  

These stepwise c a l c u l a t i c c >  a r e  necessary i n  o rde r  t o  determine t h e  coolant  

temperature  r i s e  due t o  en tha lpy  chaige and t h e  t o t a l  p re s su re  drop i n  t h e  nozzle  

a long t h e  coolant  passage,  

decreases  as the  t h r o a t  r e g i o r  is approached, t h e  maximum pres su re  drop occurs  i n  

t h e  reg ion  of t he  t h r o a t  and, corLsequently,  a small v a r i a t i o n  i n  t h e  computation 

of  t h e  l o c a l  coolant temperature  can r e s u l t  i.1 an apFrec iab le  v a r i a t i o n  i n  t h e  mag- 

n i tude  of t h e  t o t a l r r e s s k r e  d r q  c a l c u l a t e d ,  One check on t h e  adequacy of any set 

of gas- and l i q u i d - s i d e  hea t  t r a n s f e r  c o r r e l a t i o n s  has been based on how w e l l  t h e  

computed ovei 611 precsure  drop and o v e r a l l  cool'lnt- temFerdture r i s e ,  as p r e d i c t e d  

by a m l y s i s ,  match t h e  measured p s r m e t e r s  from nozzle  t e s t s ,  

Since t h e  coolant  f low a rea  i s  not cons tan t  b u t  

A t  t h e  Fre;erit t ime a f a c t o r e d  fcrrr, of t h e  Heas and Kunz f i l m  tempers turc  

equat ion i s  used by t u , ?  PEW;! r0z;lrJ-e des,ign group i n  t h e  des ign  of t h e  convec t ive-  

cooled IT-tube nozzlc, 

l a t e d  c o e f f i c i e n t  i s  used i n  d e s i g r ,  while  LC;i% of t h e  c o e f f i c i e n t  i s  used i l l  t h e  

nozzle t h r o a t  region between tr-e Faint:, of tangency,  

sented h e r e i n ,  t h e  c o e f f i c i e n t  of t ke  e;,3tior! would be  a v a r i a b l e  f u n c t i o n  of 

t h e  coolan t  tempeudture, i n  e f f e c t  changing t h e  method of c a l c u l a t i n g  t h e  Coeff i -  

c i e n t  on iy  i n  the divergent  F o r t t o n  of tr ,e nozz le ,  Th i s  i s  i l l u s t r a t e d  by 

Figures  2 1  throw$ 23" 

t h e  NERVA nozzle  SjN-0222. 

For t h e  s t r a i g h t  sect ion.  of t h e  nozz le ,  85% of  t h e  ca l cu -  

Based on t h e  a n a l y s i s  pre-  

The;e p l o t s  a r e  ba-ed on t e s t  d a t a  from r e a c t o r  t e s t s  of 

r n  e s r h  case t h e  c a l c u l a t e d  parameter  has  been p l o t t e d  
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TABLE I11 

PERCENTAGE OF POINTS FOR h/h, RATIO WITHIN + 20% OF THE 
CL DESIGN LINE ON FIGURES 9-12 AND 1F-17 

Reference Equation 

REON "A" (Ref. 5) 

REON "B" (Ref. 5) 

Mecarthy-Wolf (Ref a 9) 

Dalle-Donne-Bowditch (Ref 10) 

Hess-Kunz (Ref. 3) 

Modified Film Temperature (Ref. 11) 

Nusselt Film Temperature (Ref 8) 

Miller-Seader-Trebes (Ref 12) 

Percentage 

71 

76 

66 

66 

78 

69 
-- 

76 

Figure 

9 

10 

11 

12 

14 

15 

16 

17 
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Figure 21 

Coolant-Side Wall Temperature and Heat Flux P r o f i l e s  for 
S/N-022 NERVA Nozzle as P red ic t ed  by t h e  Nominal H e s s  and Kunz Design Equation 

and t h e  Hess-Kunz and the  REON "B" Equat ions wi th  Var i ab le  CL Values 
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Figure 22 

Coolant Bulk Temperature P r o f i l e  for 

S/N-022 NERVA Nozzle as P red ic t ed  by t h e  Nominal Hess and Kunz Design Equation 

and t h e  Hess and Kunz Equat ion with a Var iab le  CL 
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Figure 23 

Coolant-Side S t a t i c  Pressure  P r o f i l e  for  

S / N - 0 2 2  NERVA Nozzle a s  Predic ted  by t h e  Nominal Hess and Kunz Design Equation 

and the  Hess-Kunz and t h e  REON "B" Equat ions wi th  Var iab le  CL Values 
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a s  a func t ion  of a x i a l  nozzle l eng th .  

t h e  modified Kess and Kunz equat ion  wi th  v a r i a b l e  C L t s  are compared i n  each of  

t h e s e  f i g u r e s .  

The 85 t o  10% Hess and Kunz p r e d i c t i o n  and 
I 

The primary e f f e c t  of t h e  proposed equat ion i n  p r e d i c t i n g  temperature-heat  

t r a n s f e r  e f f e c t s  i s  manifested i n  t h e  coolan t -s ide  w a l l  temperature  p r o f i l e  a s  

shown i n  Figure 21, The variable CL's r e s u l t  i n  decreases  i n  t h e  coolan t -s ide  

wa l l  temperature  i n  t h e  d ivergent  reg ion  of t h e  nozzle  ranging  from 80 t o  520°R 

below t h e  temperature  p red ic t ed  by t h e  85% Hess and Kunz equat ion.  

i n  hea t  f l u x  i s  small as a r e  t h e  changes i n  coolant  temperature  and s t a t i c  p re s su re  

p r o f i l e s  (F igures  22 and 2 3 ) .  A s  a r e s u l t  of t h e  inc rease  i n  hea t  t r a n s f e r  i n  t h e  

s k i r t  r eg ion ,  t h e  bulk  temperature  r i s e  shown on Figure 22 increased  approximately 

6 degrees  and t h e  o v e r a l l  s t a t i c  p re s su re  (Figure 23) decreased 14 p s i a ,  due 

p r i n c i p a l l y  t o  t h e  inc rease  i n  t h e  coolant  temperature  and t h e  corresponding 

inc rease  i n  s p e c i f i c  volume. 

The change 

Also shown i s  a comparison wi th  the  recommended bulk  temperature  equat ion  

( t h e  REON "E") with  v a r i a b l e  CL's. 
coolant  temperature  and hea t  f l u x  p r o f i l e s  and t h e  corresponding v a r i a b l e  CL Hess 

and Kunz p r e d i c t i o n s  were n e g l i g i b l e  and were not p l o t t e d .  The p red ic t ed  coolan t -  

s i d e  w a l l  temperature  p r o f i l e ,  however, was such as t o  make i t s  comparison of 

The d i f f e r e n c e  between t h e  v a r i a b l e  CL REON "B" 

i n t e r e s t ,  The w a l l  temperature  p r o f i l e  based on t h i s  equat ion ,  when compared with 

t h e  Hess and Kunz p r e d i c t i o n  wi th  v a r i a b l e  C L 7 s ,  shows a kigher  a x i a l  temperature  

g r a d i e n t  i n  bo th  t h e  d ive rgen t  and convergent reg ions  o f  t h e  nozzle .  The p res su re  

p r e d i c t i o n  i s  midway betweer! t h e  va lues  computed f o r  bo th  ve r s ions  or t h e  Hess a?? 

Kunz equat ion .  The p r e d i c t i o n s  a r e  a l l  similar i n  t h e  t h r o a t  r eg ion ,  

Th i s  comparison of c a l c u l a t e d  wal l  temperatures  p o i n t s  up t h e  s i g n i f i c a n c e  

of t h e  computat ional  procedure i n  t h e  p red ic t ion  of  w a l l  temperatures ,  I n  t h e  

two c a s e s  where v a r i a b l e  C ' s  were employed wi th  t h e  recommended bulk and f i l m  

temperatur-e equat ions ,  t h e  w a l l  temperature p r o f i l e s  d i f f e r  s i g n i f i c a n t l y ,  y e t  t h e  

CL p r o f i l e  b a s i c a l l y  r e p r e s e n t s  t h e  same d a t a  and ol?e i s  predisposed t o  i n f e r  t h a t  

t h e  equa t ions  could be used interchangeably.  However, temperature  d i f f e r e n c e s  a s  

L 
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high  as 200"R a r e  p red ic t ed  i n  t h e  convergent reg ion  of t h e  nozzle;  d e s p i t e  t h i s  

wal l  temperature va r i ance ,  t h e  v a r i a t i o n  i n  b~lk temperature  r i s e  i s  1 " R  (no t  shown 

on graph)  and t h e  d i f f e r e n c e  i n  o u t l e t  s t a t i c  pressure  i s  only  5.2 p s i .  

d i f f e r e n c e  between che two eq._ihtfons i s  t h e  magnitude of t h e  thermal  g rad ien t  i n  

w a l l  temperature i r l  t h e  a x i a l  d i r e c t i o n .  

The primary 

I n  connection wi th  t h e  I!TERVA nozzle S/N-022 t e s t s ,  a measure of t h e  gas-s ide  

w a l l  temperature was at tempted by meags of braze  a l l o y  pa tches .  

(Ref. 2 3 )  were ob ta i r ed  by t h i s  method a s  ind ica t ed  on Figure  24, a p l o t  o f  t h e  

ch lcu la t ed  gas-s ide  w d l l  tenipeiatures  and t h e  ind ica t ed  temperature  range from t h e  

b raze  a l l o y  da ta ,  The k ra re  a l i o y  Sa tches  were loca ted  i n  t h e  nozzle a t  t h e  a x i a l  

s t a t i o n s  noted and were not exanined u n t i l  a f t e r  t h e  conc1u;ion of  t h e  power t e s t s ,  

hence,  only t h e  m a x i m m  temyerature  exFerienced was evidenced by t h e  b raze  pa t ch  

appearance 

l e v e l  and should be somewhat below t h e  r epor t ed  maximums. 

a l l o y  pa tches  i n d i c a t e  a low w a l l  temperature  a t  t h e  gas  e x i t  p lane  which sub- 

s t a n t i a t e s  t h e  use of t h e  v a r i a b l e  CL'so 

p o s i t i o n  of 30 inches i s  not s u b s t a n t i a t e d  by t h e  b raze  pa t ches ,  nor i s  t h e  low 

temperature  p red ic t ed  by t h e  REON "E" equat ion a t  a n  a x i a l  d i s t a n c e  of  10 t o  20 i v c h e s .  

P a r t i a l  r e s u l t s  

The p red ic t ed  wa l l  temper3tar-e F r o f i l e s  a r e  f o r  t h e  93.5% power 

I n  gene ra l ,  t h e  b raze  

The peak i r ,  w a l l  temperature  a t  an a x i a l  

Due t o  complexity of nozzle design and t h e  s t r o n g  dependence of o v e r a l l  

hea t  t r a n s f e r  on t h e  ho t -gas - s ide  c o e f f i c i e n t ,  no conclus ive  comments can be made 

i n  t h i s  r epor t  regarding t t e  a p p l i c b b i l i t y  of  t h e  proposed p r e d i c t i v e  equat ions  

f o r  design o r  predict ior l  of r.ozLle t e s t  r e s u l t s ,  A d e f i n i t e  recommendation f o r  

t h e  optimum design eqLation c m  only be made when a coo lan t -wa l l  temperature  i s  

measured d i r e c t l y ,  p r e f e r a b l y ,  f o r  t h i s  nozz le ,  a t  a s t a t i o r  l oca t ed  i n  t h e  30 t o  

50 i n .  a x i a l  l ength  iqcrement from t h e  coolan t  e x i t  p lane .  
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V I .  CONCLUSIONS A N 3  RECOMMEmATIONS 

An a n a l y s i s  of  s ing le- tube  hea t  t r a n s f e r  t e s t  d a t a  i n  terms of experimental  

versus  p red ic t ed  l i q u i d - s i d e  c o e f f i c i e n t s  shows no c l e a r  evidence of s u p e r i o r i t y  

f o r  ar,y one c o r r e l a t i n g  equat ion.  None o f  t h e  closed-form s o l u t i o n s  proposed i s  

s a t i s f a c t o r y  i n  r ep resen t ing  t h e  d a t a  f o r  t h a t  p o r t i o n  of t h e  t e s t  s e c t i o n  i n  which 

t h e  w a l l  temperature  inc reases  wi th  developed l eng th .  An eva lua t ion  of t h e  d e n s i t y  

and s c a t t e r  of t e s t  d a t a  po in t s  p l o t t e d  i n  terms of t h e  r a t i o  of t h e  experimental-  

to - the-predic ted  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  each equat ion r e s u l t s  i n  t h e  

s e l e c t i o n  of  t h e  Hess and Kunz equat ion f o r  fi lm-temperat-we-based c o r r e l a t i o n s  and 

t h e  REON "5" fGr bulk-tempersture-based equat ions .  

The form of t h i s  g raph ica l  d a t a  p r e s e n t a t i o n  sugges ts  t h a t  a v a r i a b l e  l i q u i d -  

The r e s u l t s  of i nco rpora t ing  s i d e  c o e f f i c i e n t ,  CL, would b e t t e r  r ep resen t  t h e  da t a .  

v a r i a b l e  C va lues  f o r  t h e  two recommended equat ions  were s tud ied  i n  t h e  a n a l y s i s  

of NERVA nozzle  S/N-022 f o r  a nuclear  t e s t  f i r i n g .  A comparison wi th  t h e  nominal 

design p r e d i c t i o n s  showed t h a t  t h e  hea t  f lux p r o f i l e  was hard ly  changed. The bu lk  

temperature  r i s e  and coolan t  p re s su re  drop were 6.2% higher  and 11% lower, 

r e s p e c t i v e l y ,  f o r  t h e  v a r i a b l e  CL modif ica t ion  of t h e  85 t o  100% Hess and Kunz 

des ign  equat ion .  However, p red ic t ed  coolan t -s ide  w a l l  temperatures  d i f f e r e d  3s 

much as 52O"R between t h e  nominal Hess and Kunz design equat ion and t h e  v a r i a b l e  

C 
i n l e t  p l a n e ) .  

L 

Hess and KLcnz and REON "E" equat ions  (32th  t h e  maxirnurn differer ,ce  a t  +he c ~ m l s r '  L 
Limited braze  a l l o y  d a t a  f o r  mX-A3 tend  t o  support  t h i s  s e l e c t i o n ,  

L The Hess m d  Kunz f i lm-temperature  des ign  equat ion  with a v a r i a b l e  C 

appears  t o  b e s t  represer , t  p e r t i n e m  s i n g l e  tube  t e s t  d a t a  f o r  cryogenic hydrogen 

pending developmerlt of 8 model based on a b e t t e r  understanding cf e n f r g y  t r a q < f e r  

p rocesses  i n  t h e  f l u i d .  However, d i r e c t  de te rmina t ion  of  cooldnt -s iae  w a l l  tempera- 

t u r e s  would g ive  u s  t h e  b e s t  i n d i c a t i o n  of which design equat ion should be used. 

Such measurements obviously should be made i n  t h e  reg ion  of maximum v a r i a t i o n  i n  

wal l  t empera tures  as p red ic t ed  by t h e  design equat ions  be ing  compared. For t h e  

t h r e e  equa t ions  shown i n  Figlure 21, f o r  example, measurements a t  a x i a l  nozzle  Ler+,TL 

of  30 t o  about  45 ic.  would be inva luable  i n  s e l e c t i n g  t h e  equat ion which b e s t  r e m e -  

s e n t s  t h e  a c t u a l  w a l l  -temperature p o f i l e  (for a given gss-stde c o r r e l a t i o n ) .  

i s  t h e r e f o r e  recommended t h a t  e f for t ,  be cont inued t o  o b t a i n  such measurements, 

It 
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